We examined the role of Cal+ in the control of basal and hormone-stimulated ornithine decarboxylase activity in isolated pig granulosa cells maintained under chemically defined conditions in vitro. Omission of Ca2+ from the incubation medium (measured Ca2+ concentration 5pM) decreased basal enzymic activity, and significantly (P <0.01) impaired the response to maximally stimulating doses of either lutropin or follitropin. No significant alteration occurred in the concentration of either gonadotropin required to elicit half-maximal effects. The addition of EGTA (1.27-2.0mM) to chelate residual extracellular Ca2+ further decreased hormone-induced rises in ornithine decarboxylase activity. Despite the presence of 1.27mm concentrations of extracellular Ca +, the administration of presumptive Ca2+ antagonists, believed to impair trans-membrane Ca2+ influx [verapamil (10-100UM), nifedipine (1-1OOpuM) or CoCl2 (1mM)] suppressed hormone-stimulated ornithine decarboxylase activity. The inhibitory effects of verapamil or of Ca2+ omission from the medium were not overcome by the phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine (0.25 mM), or by cholera toxin, or by an exogenously supplied cyclic AMP analogue, 8-bromo cyclic AMP. Conversely, micromolar concentrations of a putative bivalent-cation ionophore, A23187, increased significantly the stimulation of ornithine decarboxylase activity by saturating concentrations of lutropin or 8-bromo cyclic AMP. Thus the present observations implicate Ca2+ ions in the modulation of hormone action and cellular function in normal ovarian cells.
pressed hormone-stimulated ornithine decarboxylase activity. The inhibitory effects of verapamil or of Ca2+ omission from the medium were not overcome by the phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine (0.25 mM), or by cholera toxin, or by an exogenously supplied cyclic AMP analogue, 8-bromo cyclic AMP. Conversely, micromolar concentrations of a putative bivalent-cation ionophore, A23187, increased significantly the stimulation of ornithine decarboxylase activity by saturating concentrations of lutropin or 8-bromo cyclic AMP. Thus the present observations implicate Ca2+ ions in the modulation of hormone action and cellular function in normal ovarian cells. Bivalent metal ions significantly modulate hormone action in several endocrine tissues (Rasmussen & Goodman, 1977) . For example, Ca2+ participates in the control of stimulus-secretion coupling in pituitary cells , the adrenal gland (Garcia et al., 1975; Podesta et al., 1980) , the ovary (Higuchi et al., 1976) or testes (Janszen et al., 1976) , and pancreatic islets (Borowitz & Matthews, 1980) . Ca2+ ions have also been implicated in the mediation of certain hormonal effects on membrane permeability (Putney, 1979) , protein synthesis (Cheung, 1980) , cell replication (Cuprak et al., 1979; Whitfield et al., 1979) and intracellular enzymic activity (Geisow, 1978; Means et al., 1979; Betteridge, 1980; Murphy et al., 1980 ).
In the current work, we have investigated the role of Ca2+ in the action of lutropin and fillitropin in isolated ovarian cells maintained under chemically defined conditions in vitro. We studied activity of a cytosolic enzyme, ornithine decarboxylase (L-orni- Vol. 196 thine carboxy-lyase, EC 4.1.1.17), which is ratelimiting in eukaryotic polyamine biosynthesis (Janne et at., 1978) , since the responsivity of this enzyme to gonadotropins has been well characterized in granulosa cells in vitro (Osterman & Hammond, 1977; Osterman et al., 1978) . Furthermore, we have defined changes in ornithine decarboxylase activity in relation to ovarian steroidogenesis and cell replication in this system (Veldhuis & Hammond, 1979) . Notably, Ca2+ ions are also believed to participate in the regulation of both cell proliferation and steroidogenesis in several differentiated tissues (Higuchi et al., 1976; Janszen et al., 1976; Whitfield et al., 1979; Cuprak et al., 1979; Cheung, 1980; Hennings et al., 1980; Podesta et al., 1980 (Osterman & Hammond, 1977 (1970) , and modified by Osterman & Hammond (1977) . Exhaustive dialysis of cytosol against Ca2+-free assay buffer did not modify enzymic activity. Cytosolic protein concentrations were determined by the method of Bradford (1976) , with crystalline bovine serum albumin (fraction V) as standard.
Experimental effectors of calcium transport were added to incubations of dispersed granulosa cells 20min before the administration of hormonal or non-hormone stimulators, except when noted differently in the time-course experiments. The activity of ornithine decarboxylase was computed as pmol of C02/h per mg of protein. Data are given as means + S.E.M. for three replicate cultures. Since basal ornithine decarboxylase activity varies somewhat among batches of granulosa cells (Osterman & Hammond, 1977) , all experimental comparisons were performed within a single pool of cells harvested from 100-200 ovaries. Each experiment was repeated at least once with cells derived from another set of ovaries. Statistical analyses of data utilized one-way analysis of variance, with the Newman-Keul's procedure for ascertainment of significant differences among means (Winer, 1971 ).
The calcium content of 'calcium-free' Eagle's medium was determined by atomic absorption spectroscopy (Perkin-Elmer model 305) (Murphy et al., 1979) , after evaporating 200ml of Eagle's medium and reconstituting in LaCl3 buffer (McDonald et al., 1977) . Absorption of standard buffers was linear over the range 0.08-5.0,ug of calcium/ml.
Results
As depicted in Fig. l(a) , omission of Ca2+ from the incubation medium ('calcium-deprived', 5 ,M final Ca2+ content of medium) significantly impaired the stimulation of enzymic activity by maximally effective concentrations of highly purified follitropin (P < 0.01). However, the concentration of hormone required to elicit a half-maximal increase in ornithine decarboxylase activity was not altered (1.85 ng/ml, denoted by arrows). As discussed further below, basal enzymic activity was slightly but significantly decreased (P < 0.05). A similar pattern of enzymic response was also observed after stimulation with lutropin, in the presence or absence of extracellular Ca2+ (see Fig. lb) . This impaired responsivity to hormonal stimulation did not reflect displacement of the time-course, since peak stimulation of ornithine decarboxylase activity by lutropin continued to occur at 4-6 h ( Fig. 2) . Omission of Ca2+ from cultures inhibited the stimulatory -effects of gonadotropin at both early and late time points (Fig. 2) .
A more detailed examination of the dependence of basal ornithine decarboxylase activity on Ca2+ revealed significant effects of varying the extracellular Ca2+ concentration ( lutropin-stimulated ornithine decarboxylase activity by lowering the extracellular Ca2+ concentrations Granulosa cells were incubated in the presence of (1.27 mM; *) or 'absence' (5pM; 0) of CaC12, and exposed to increasing concentrations of highly purified sheep follitropin (a) or lutropin (b). Cultures were harvested after 4h for the determination of cytosolic ornithine decarboxylase activity. Data are means (and range) (Eto et al., 1974) , produced a dose-related decrease in basal ornithine decarboxylase activity, and 50#uM-verapamil significantly (P<0.01) imparied the absolute response to lutropin (Table 2 ).
However, verapamil (100,UM) did not modify hormone-stimulated progesterone secretion, or alter cell viability even in longer-term (12-24h) cultures (J. Veldhuis & J. Hammond, unpublished work) . The suppressive effect of verapamil on ornithine decarboxylase activity was not prevented by the administration of a phosphodiesterase inhibitor, 3-isobutyl-1-methylxanthine (0.25mM), in the presence of 1.27 mM-Ca2+. Similarly, 3-isobutyl-1-methylxanthine was incapable of ameliorating the inhibitory effects of 'calcium-free' incubations on lutropin stimulation of enzymic activity (Table 3) . The putative Ca2+ antagonist nifedipine hydrochloride (Malaisse & Boschero, 1977 ) also decreased the stimulatory effect of lutropin in a dose-related fashion, i.e. by 22+7% (1 pM-nifedipine), by 53±8% (10,UM drug), and by 88+3% (100pM drug). CoCl2 (1.OmM), a selective blocker of slow Ca2+ channels in excitable tissues (Baker et al., 1973) , impaired the effect of maximally stimulating concentrations of lutropin by 75 + 4% (P < 0.01).
EGTA was used to chelate extracellular Ca2+ in preference to Mg2+ (Schmid & Reilley, 1957) . The addition of EGTA (2 mM) to Eagle's medium (1.27mM-Ca2+ and 0.84mM-Mg2+), coincidentally with (or in 1 h or 2 h preincubations before) lutropin suppressed the effect of saturating concentrations of lutropin by 85 + 3%. The inhibitory effects of EGTA were overcome by the presence of excess Ca2+ (3.54 mM), but not by similar concentrations of Mg2+ (results not shown). EGTA also decreased the stimulatory effect of cholera toxin, from 2076 + 48 to 464+ 18pmol of CO2/h per mg of protein. To circumvent the requirement for cyclic AMP generation, we examined the effect of EGTA on enzymic activity stimulated by exogenously supplied 8-bromo cyclic AMP. As shown in Table 4 , chelation of extracellular Ca2+ also significantly decreased the (Yagura & Miller, 1980) . The degree of inhibition exerted by EGTA was similar to or greater than that achieved by simple omission of Ca2+ from the medium or by treatment with verapamil hydrochloride (Table 5 ) (100#M produced 82 + 6% inhibition). When the addition of verapamil was progressively delayed after exposure of cells to lutropin in the presence of 1.27mM-Ca2+, its suppressive effects could still be observed (Table  5) .
The potential relevance of alterations in intracellular Ca2+ concentrations in modulating basal and gonadotropin-stimulated ornithine decarboxylase activity was examined further by treatment of incubated cells with the bivalent-cation ionophore, A23187 (Pressman, 1975) . At low concentrations of ionophore A23187 (0.010 and 0.075,ug/ml), the effect of maximally stimulating concentrations of lutropin could be increased further, by respectively 1.96+0.08-and 1.43+0.07-fold (P<0.01 and P<0.05 respectively). Ionophore A23187 (0.25,ug/ ml) also increased significantly the effect of maximally stimulating concentrations of 8-bromo cyclic AMP (0.05mM), from 4100+85 to 5830+ 180pmol of C02/h per mg of protein (P < 0.02).
Discussion
With untransformed pig granulosa cells maintained under chemically defined conditions in vitro, the current studies define a specific dependence of cytosolic ornithine decarboxylase activity on Ca2+ ions. Since ornithine decarboxylase activity is subject Vol. 196 to rapid regulation in most tissues (Maudsley, 1979; Russell, 1980) , we could discern significant effects of altered Ca2+ status during short-term incubation of cultured ovarian cells. The present experiments demonstrate that perturbations of Ca2+ concentrations in the incubation medium, or manipulations of putative cellular uptake of Ca +, were capable of modulating both basal and maximally stimulated enzymic activity. Changes in enzymic activity could not be attributed to simple alterations in extracellular osmolality [which also stimulate ornithine decarboxylase activity (Perry & Oka, 1980) ], since osmolality was experimentally controlled, and enzymic activity decreased with either high (>1.2 mM) or low (<1.2mM) extracellular Ca2+ concentrations. Furthermore, the addition of EGTA, to achieve high-affinity chelation of extracellular Ca2+ in preference to chelation of Mg2+ (Schmid & Reilley, 1957) , also decreased ornithine decarboxylase activity further, both basally and after hormonal stimulation.
The suppressive effects of simple extracellular Ca2+ depletion, or of chelation of Ca2+ with EGTA, could be mimicked by several presumptive antagonists of transmembrane Ca2+ influx, specifically verapamil hydrochloride (Eto et al., 1974) , nifedipine (Malaisse & Boschero, 1977) or CoCl2 (Baker et al., 1973) . These observations suggested that extracellular Ca2+ ions are required for maximal enzymic stimulation, and for maintenance of basal activity. Conversely, treatment with a dicarboxylic ionophore, A23187, which is capable of enhancing intracellular accumulation of Ca2+ in many tissues (Pressman, 1975; Malaisse et al., 1979; Kurzinger et al., 1980; Weissmann et al., 1980) , evoked a significant increase in the stimulatory effects of saturating concentrations of either lutropin or a stable cyclic AMP analogue, 8-bromo cyclic AMP. These observations permit the inference that modulation of omithine decarboxylase activity by Ca2+ ions may occur at the level of intracellular Ca2+ pools. However, pharmacological manipulation of extracellular Ca2+ concentrations or of transmembrane Ca2+ uptake could also induce equilibrium changes in intracellular Ca2+ content or distribution (Steinhardt & Epel, 1974; Chen et al., 1978; Brostrom et al., 1979; Murphy et al., 1979; Kneer et al., 1979; Kurzinger et al., 1980 The mechanisms by which alterations in intracellular Ca2+ concentrations might regulate ornithine decarboxylase activity are unknown. Preliminary reports of extracellular calcium requirements for stimulation of ornithine decarboxylase activity have also been set forth for Chinese-hamster ovary cells, a rat astrocytoma cell line, and BALB 3T3 cells maintained in chemically defined medium (Costa & Nye, 1978; Costa, 1979; Gibbs et al., 1980) . In order to understand further the mechanisms subserving calcium-dependence, in the current work we have focused initially on Ca2+ interactions with the hormone-stimulated cyclic AMP system. Previous studies from our laboratory have suggested an intermediate role for intracellular cyclic AMP in the hormonal stimulation of ornithine decarboxylase activity in pig granulosa cells in vitro (Osterman et al., 1978) . Our present results indicate further that the inhibitory effects of Ca2+ depletion are unlikely to occur through stimulation of the cyclic AMP phosphodiesterase system. In particular, the suppressive effects of verapamil, or of extracellular Ca2+ depletion, could not be overcome by treatment with 3-isobutyl-1-methylxanthine to inhibit phosphodiesterase activity in granulosa cells. Furthermore, in many tissues (Rasmussen & Goodman, 1977) , depletion of Ca2+ ions is associated with a decline rather than a stimulation of phosphodiesterase activity (Cheung, 1971) . On the other hand, our data suggest that the effects of Ca2+ may be mediated in part at loci distal to intracellular cyclic AMP generation. In particular, maximal enzymic stimulation by a stable analogue of cyclic AMP (8-bromo cyclic AMP) was decreased significantly in the absence of extracellular Ca2+, and was increased significantly in the presence of low concentrations of the bivalent-cation ionophore A23187. In this context, we would note that in the study of steroidogenesis in adrenal and Leydig cells, Ca2+ was inferred to exert effects distal to cyclic nucleotide generation, without direct alteration in cyclic AMP-dependent protein kinase activity (Perchellet & Sharma, 1979; Janszen et al., 1976) . The current observations suggest that the regulatory effects of Ca2+ on ornithine decarboxylase activity may also be exerted in part at loci distal to intracellular cyclic AMP production. However, we have not yet excluded additional effects of Ca2+ in ovarian cells at other loci of hormone action, such as at the level of hormone binding, hormone-receptor coupling to adenylate cyclase, or direct stimulation of cyclic AMP synthesis. In other hormonally responsive isolated cell systems, involvement of Ca2+ has been suggested at these sites (Lefkowitz et al., 1970; Jackowski et al., 1980; Mahaffee & Ontjes, 1980; Podesta et al., 1980) .
In summary, the current work demonstrates a specific dependence on Ca2+ of both basal and hormone-stimulated ornithine decarboxylase activity in normal pig granulosa cells maintained in serumfree conditions in vitro. Our data suggest that important regulatory effects of Ca2+ ions are exerted, at least in part, through intracellular pools of Ca2+ that operate at loci distal to cyclic AMP generation.
